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The interaction of potato virus X (PVX) and potato virus Y (PVY) in tobacco causes a synergistic disease characterized 
by a dramatic increase in symptom severity, a change in the regulation of PVX RNA replication, and an increase in 
accumulation of PVX. In this study we demonstrate that PVX also interacts synergistically with three other members of the 
potyvirus group of plant viruses, tobacco vein mottling virus ('rVMV), tobacco etch virus (TEV), and pepper mottle virus. 
These synergisms resemble the classic PVX/PVY synergism with respect to both the increase in host response and the 
change in PVX replication. To determine if the induction of PVX/potyviral synergism requires potyviral genome replication 
per se or if the response is mediated by expression of one or more potyviral genes, we used tobacco plants stably 
transformed with various subsets of the TVMV genome. PVX infections of transgenic plants expressing the 5'-proximal 
region of the TVMV genome, including the protease-1, helper component protease, and protein-3 genes, result in symptoms 
resembling those of PVX/potyviral synergism. A similar synergistic-like response occurs when transgenic tobacco plants 
expressing the analogous but smaller region from the 5'-proximal region of the TEV genome were infected with PVX. 
Replication of PVX RNA is altered in transgenic plants expressing 5'-proximal sequences of either TVMV or TEV, and in a 
manner similar to that observed in double infections. These results indicate that replication of the potyviral genome is not 
required for PVX/potyviral synergism and that the response is mediated by expression of pot/viral sequences which have 
been localized to the 5'-proximal third of the genomic RNAs of both TVMV and TEV. © 1995 Academic Press, Inc. 
INTRODUCTION 
Higher plants commonly experience infection with sev- 
eral different viruses at a time, and a number of plant 
diseases are attributed to a synergistic interaction be- 
tween two unrelated viruses in the same plant (Barker, 
1987; Blood, 1928; Calvert and Ghabrial, 1983; Clark et 
a/., 1980; Garces-Qrejuela and Pound, 1957; Goldberg 
and Brakke, 1987; Hamilton and Nichols, 1977; Kuhn and 
Dawson, 1973; Phillips et a/., 1967; Poolpol and Inouye, 
1986; Rochow and Ross, 1955; Ross, 1968). The best 
studied of the plant viral synergisms is the interaction of 
potato virus Y (PVY, the type member of the potyvirus 
group) and potato virus X (PVX, the type member of the 
potexvirus group) in tobacco (Damirdagh and Ross, 1967; 
Ford and Ross, 1962a,b; Goodman and Ross, 1974a,b; 
Rochow and Ross, 1955; Vance, 1991). The first systemi- 
cally infected leaves of plants coinfected with these two 
unrelated viruses display severe symptoms, and the in- 
crease in host response is correlated with a 3- to 10- 
fold increase in the level of PVX, but no corresponding 
increase or decrease in the level of PVY over that seen 
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in singly infected plants. The synergistic increase in PVX 
accumulation is attributed to a change in the regulation 
of PVX RNA replication in doubly infected cells (Goodman 
and Ross, 1974a; Vance, 1991). 
It is not clear how coinfection with PVY influences PVX 
replication, but active replication and/or the concomitant 
g.ene expression of the potyviral genomic RNA is critical 
(Goodman and Ross, 1947a,b). Like most plant viruses, 
members of the potyvirus group have a (+) stranded, 
single-stranded, multicistronic RNA genome which repli- 
cates via production of a ( - )  strand RNA intermediate 
(Matthews, 1991). Analysis of the genomic RNA se- 
quence of PVY (Robaglia et aL, 1989), as well as that of 
the other sequenced potyviruses used in the present 
study (Allison et aL, 1986; Domier eta/., 1986; Vance et 
aL, 1992b), reveals a single long open reading frame 
encoding a large polyprotein with a common organization 
of the eight known potyviral proteins. The mature viral 
proteins are subsequently released in a complex series 
of protein processing events involving three known virally 
encoded proteases (for recent reviews of potyviral ge- 
nome structure and function see Dougherty and Carring- 
ton, 1988, and Riechmann eta/., 1992). One or a subset 
of these mature potyviral gene products may be sufficient 
to induce the synergistic change in PVX RNA replication 
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or the entire process of potyviral gene expression and 
replication may be necessary. Here we report the results 
of stable transformation experiments to determine if po- 
tyviral replication is a requirement for synergism and to 
identify potyviral sequences which may regulate syner- 
gistic processes. 
METHODS 
Viruses and plants 
The virus strains used in these experiments were as 
follows, PVX (PV197, American Type Culture Collection), 
PVY (the kind gift of Dr. O. W. Barnett, Clemson Univer- 
sity), tobacco etch virus (TEV) and tobacco vein mottling 
virus (TVMV) (the kind gift of Dr. Simon Scott, Clemson 
University). Identities of the potyviral isolates were con- 
firmed by ELISA analyses using a panel of monoctonal 
antibodies specific for a range of different potyviruses 
(Jordan and Hammond, 1991). Identification of the PVY 
isolate was confirmed by peptide analysis of the coat 
protein and that of the pepper mottle virus (PepMoV) 
isolate by host range analysis and by cytological and 
immunological characterization of the cytoplasmic inclu- 
sion bodies (Vance et aL, 1992a). Construction, selection, 
and analyses of the TVMV transgenic lines 1-6 (Gray- 
bosch eta/., 1989; Maiti eta/., 1993), TVMV lines 10 and 
11 (Berger eta/., 1989), and TEV line U-6B (Carrington et 
al., 1990) used in this study have been described pre- 
viously. The levels of gene expression in these lines 
are shown and discussed under the Results. The TVMV 
constructs were transformed into Nicotiana tabacum cv 
Burley 21 and the TEV construct is in IV. tabacum cv 
Havana 425. TVMV lines 8 and 9 have not been pre- 
viously described and result from insertion of an Mlul -  
Sstl fragment carrying nucleotides 3872-9471 of the 
TVMV genome (derived from pXBS7; Domier eta/., 1989) 
into pTV125-14 (Graybosch et aL, 1989). This plasmid 
was used to produce Burley 21 tobacco transgenic lines 
as described elsewhere (Maiti et aL, 1993). Expression 
levels in lines 8 and 9 were evaluated by immunoblotting 
using antibodies raised against TVMV CI and CP pro- 
teins, so appropriate processing of the polyprotein could 
be inferred. All transgenic plants were grown from seed 
germinated in the presence of kanamycin at a concentra- 
tion of 600 #g/ml. Nontransformed Burley 21 tobacco 
plants were used as controls for experiments with the 
TVMV transgenic lines and vector-only transformed Ha- 
vana 425 plants were used as controls for the experi- 
ments with the TEV transgenic line. 
or vector-only transformed derivatives of the same variety 
were mechanically inoculated on a single lower leaf with 
PVX at a concentration of 0.5 mg/ml. All plants used 
in the experiments reported here were germinated and 
grown in an insect-vector free growth chamber, and 
plants for use in a given experiment were chosen to be 
the same size and in the same stage of development. 
Nucleic acid and protein samples were taken from the 
third leaf above the inoculated leaf at 10 days postinocu- 
lation. Equivalent portions of that leaf, not including the 
midvein, were used to isolate total nucleic acid. Portions 
of the opposite half leaf were used to isolate protein. 
Plants from transgenic lines TVMV 10 and 11 and TEV 
U-6B were assayed for the presence of coat protein of 
PepMoV, TEV, TVMV, and PVY, to ensure that the syner- 
gistic response of these plants to PVX infection was not 
due to inadvertent coinfection with any of these viruses. 
Analyses of viral RNAs 
Relative levels of (+) and (-)  strand PVX RNAs were 
assayed by Northern blot analyses in side by side experi- 
ments with doubly and singly infected plants or with 
transformed and control plants. Total nucleic acids were 
isolated and analyzed using Northern blots exactly as 
previously described (Vance, 1991). A radioactive cDNA 
probe complementary to the entire PVX (+) strand was 
generated using reverse transcriptase, hexanucleotide 
random primers, and PVX genomic RNA isolated from 
purified virus (Vance and Beachy, 1984). Probe specific 
to the (-)  strand of PVX was generated by limited base 
hydrolysis (10 min at 65 ° in Tris-HCI, pH 9.5) of purified 
PVX genomic RNA followed by ethanol precipitation and 
5'-end labeling with T4-polynucleotide kinase and [~/32p]_ 
ATP (Maizels, 1976). Specificity of the (-)  strand probe 
was confirmed in each experiment by including a sample 
containing microgram levels of PVX genomic RNA 
(Vance, 1991). The levels of specific PVX RNAs on North- 
ern blots were quantitated by densitometric scanning of 
the X-ray film (at the appropriate exposure to be within 
the linear range of the film) using a Microscan t000 
scanner (Technology Resource, Inc., Nashville, TN). In 
some experiments, the levels of PVX RNAs were quanti- 
tated using slot blots (Maniatis et aL, 1982) containing 
aliquots of the same RNA samples used for the Northern 
analyses and probed with the strand specific probes. The 
hybridization signals were quantitated by densitometric 
scanning of the exposed X-ray film as described 
Western blot analyses 
Infection and sampling 
Infection and sampling procedures with doubly and 
singly infected plants were as previously described 
(Vance, 1991). In stable transformation experiments, 
transgenic lines and control plants of the same variety 
Levels of PVX coat protein in singly and doubly infected 
plants were assayed by Western blot analyses. Total 
protein was extracted and analyzed as previously de- 
scribed (Vance, 1991) except that the protein electro- 
transfer was carried out using a Bio-Rad mini-trans-blot 
apparatus at 80 V for 1 hr. Rabbit polycto~q~i]-~ntiserum 
POTYVI RAWPVX SYNERGISM 585 
specific to PVX coat protein (PV54a, American Type Cul- 
ture Collection) was used as primary antiserum and pro- 
teins reacting with anti-PVX coat protein antibody were 
visualized using goat anti-rabbit antiserum conjugated to 
alkaline phosphatase (Bio-Rad Laboratories). 
RESULTS 
Potyviruses other than PVY interact synergistically 
with PVX 
Three members of the potyvirus group of plant viruses 
were tested for the ability to interact synergistically with 
PVX in dual inoculation experiments. TEV, -F-VMV, and 
PepMoV were chosen for these experiments since their 
complete genomie nucleotide sequences are available 
(Allison eta/., 1986; Domier eta/., 1986; Vance et aL, 
1992b) and each shares an overlapping host range with 
PVX. Furthermore, the availability of extensive back- 
ground information and experimental tools for both the 
TVMV and TEV systems facilitates future synergism stud- 
ies involving either of these viruses. To test the ability of 
the individual potyviruses to induce synergism, Nicotiana 
tabacum (cv Xanthi) plants were mechanically inoculated 
singly with PVX, PVY, TEV, TVMV, or PepMoV or coin- 
fected with PVX and one of the four potyviruses. Begin- 
ning at Day 5 postinoculation, all the doubly infected 
plants developed typical symptoms of the acute phase 
of PVX/PVY synergism= an initial vein clearing followed 
by severe mottling and necrosis of the first systemically 
infected leaves. The acute symptoms also developed in 
the same pattern in each double infection, affecting the 
lower portion of the second leaf, most of the third leaf, 
and the tip of the fourth leaf above the inoculated leaf. 
Similar results were observed in other varieties of N. 
tabacum including Burley 21 and Havana 425 (data not 
shown). This pattern of symptom development is charac- 
teristic of PVX/PVY synergism (Damirdagh and Ross, 
1967; Ford and Ross, 1962b; Vance, 1991), and suggests 
that PVX interacts synergistically not only with PVY, but 
also with three other members of the potyviral group. 
To determine if coinfection with each of the different 
potwiral species also induced a change in the regulation 
of PVX replication, the relative levels of PVX (+) and ( - )  
strand RNAs in doubly and singly infected plants were 
determined by Northern blot analysis. At 6 days postinoc- 
ulation, an acutely affected leaf (the third leaf above the 
inoculated leaf) from each of the doubly infected plants 
and the equivalent leaf of singly infected plants were 
harvested, and total nucleic acid was isolated and ana- 
lyzed us!ng Northern blots as previously described 
(Vance, 1991). Figure 1A shows that the level of PVX (+) 
strand RNA is greater in doubly infected leaves (Fig. 1A, 
lanes 2-5) than in singly infected leaves (Fig. 1A, lane 
1). The level d PVX (- )  strand RNA in the doubly infected 
plants is_greater than that in singly infected plants. In 
each case the increase in (-)  strand RNA is more dra- 
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FIG. 1. Northern blot analyses of RNA from plants infected singly 
with PVX (lane 1) or doubly with PVX and PepMoV, TVMV, TEV, or PVY 
(lanes 2, 3, 4, and 5, respectively). The blot in (A) was hybridized with 
randomly primed PVX cDNA to detect PVX (+) strand RNA. Panel B 
shows the identical blot hybridized with 32P-5'-end-labeled PVX geno- 
mic RNA to detect.PVX(-) strand RNA. The position of genomic length 
PVX RNA is indicated by an arrow. 
matic than that of the (+) strand RNA (Fig. 1B). Densito- 
metric analysis of the Northern blots from two separate 
experiments indicates that the increase in (4-) strand 
RNA in each of the doubly infected plants is approxi- 
mately 3-fold (ranging from 2.5 to 3.3-fold), while that of 
the (-)  strand RNA is approximately 15-fold (ranging from 
12.8 to 16-fold). Thus, PepMoV, TEV, and TVMV are all 
able to induce an increase in PVX (+) strand RNA accu- 
mulation as well as a disproportionate increase in (-)  
strand RNA accumulation typical of PVX/PVY synergism, 
suggesting that PVX replication is altered in a similar 
manner by coinfection with each of the four potyviruses 
tested. 
The 5'-proximal regions of both the TVMV and the 
TEV genomes function in PVX/potyviral synergism 
!n order to determine if expression of a subset of a 
potyviral genome is able to induce synergism with PVX, 
stably transformed tobacco plants expressing various re- 
gions of the TVMV genome were infected with PVX and 
examined for symptoms of PVX/potyvirai synergism. A 
number of transgenic tobacco lines were tested, com- 
prising six different constructs each expressing a single 
TVMV gene or a subset of the TVMV genome encoding 
more than one protein. The TVMV genes introduced into 
each of the transgenic lines, as well as their positions 
along the TVMV genomic RNA, are shown in Fig. 2. 
Transgenic lines expressing an internal region of the 
TVMV encoded polyprotein were engineered with appro- 
priate translation start and stop codons, in the cases 
where specific antibodies were available, the size and 
amount of protein from the introduced gene(s) was deter- 
mined by Western blot analyses of total protein extracts 
from plant leaves. For lines 1-6 the transgene protein 
levels varied from approximately 0.1 to 0.3% of total solu- 
ble protein (Maiti et aL, 1993), while those of lines 8 
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Line TVMV gene Km segregation Protein level 
I CP 
Synergism 
1 coat protein (CP) 98:1 0.30% 
2 coat protein (CP) 65:22 0.25% 
3 C] 66:26 0.15% 
4 CI 64:22 0.10% 
5 Nla 73:22 # 
6 Nla-glnH 59:20 0.20% 
8 CI-6K-Nla-NIb-CP * 0,02% 
9 CI-6K-Nla-NIb-CP * 0.02% 
10 PI-(HC-Pro)-P3 40:1 1%" 
11 P1 -(HC-Pro)-P3 2:1 1%" 
FiG. 2. Diagrammatic representation ofthe TVMV polyprotein show- 
ing the localization of the individual genes and a listing of the TVMV 
transgenic lines indicating the genes included in the construct, the 
segregation characteristics of the transgene as measured by selection 
on kanamycin, and the protein level of the encoded gene product(s) in 
plant leaves. The following abbreviations not used in the text are: Km, 
kanamycin; CI, cytoplasmic inclusion body protein; Nla, nuclear inclu- 
sion body protein a; glnH, E. coil glutamine binding protein; and NIb, 
nuclear inclusion body protein b. *Indicates that these seed are homo- 
zygous and do not segregate on kanamycin plates. (#) Indicates that 
no appropriate antibodies were available for this measurement. Expres- 
sion levels for lines 1-9 refer to the percentage of transgene-derived 
protein/total soluble protein. ~lndicates that expression levels for lines 
10 and 11 refer to percentage of transgene expression as compared 
with a wild-type viral infection. In all cases, plants used to determine 
the level of gene expression were grown from the same generation of 
seed used to produce plants for the synergism studies. 
and 9 were approximately 10-fold lower (Fig. 2). This 
percentage of viral-encoded soluble protein is estimated 
to range from 0.5 to 5% of the level in infected plants. 
The level of HO-Pro in lines 10 and 11 was approximately 
1% of that measured in TVMV infected plants (Berger et 
al., 1989). 
Upon infection with PVX, two of the transgenic lines 
(10 and 11) consistently displayed symptoms more se- 
vere than those in nontransgenic plants infected with 
PVX, but similar to those characteristic of PVX/potyvirus 
synergism. The other eight TVMV transgenic lines dis- 
played the very mild mottling symptoms typical of PVX 
infection in nontransgenic plants. Although the symp- 
toms in lines 10 and 11 were fairly typical of PVX/potyvirat 
disease, the timing of the response was different than 
that in doubly infected plants, Vein clearing began at 
around Day 7 postinoculation rather than at Day 5 as in 
doubly infected plants, and symptoms developed more 
slowly. Figure 3 shows the symptoms in a line 10 
transgenic plant infected with PVX (center plant) com- 
pared to those in control plants infected singly with PVX 
(rightmost plant) or doubly with PVX and TVMV (leftmost 
plant). The symptoms in the doubly infected plant are 
typical of PVX/potyviral synergism and similar to those 
seen in the transgenic plant infected with PVX. 
The two transgenic lines (10 and 11) which respond 
synergistically to single infection with PVX are derived 
from independent transformations with the same TVMV 
construct containing the 5'-proximal 3544 nucleotides of 
the TVMV genome (Berger et al., 1989). This portion of 
the TVMV genome contains the 5' untranslated region 
(5'UTR) and encodes the first three mature proteins of the 
TVMV polyprotein: protease-1 (P1), helper component- 
protease (HO-Pro), and protein-3 (P3). HC-Pro is properly 
cleaved from this abbreviated polyprotein and is func- 
tional in aphid transmission of TVMV (Berger et aL, 1989). 
Our results indicate that the N-terminal 3544 nucleotides 
of the potyviral RNA, or one or more of the encoded 
proteins, play a role in mediating the synergistic re- 
sponse. The results also suggest that the remainder of 
the genome is not  required for synergism, since 
transgenic lines expressing other portions of the potyviral 
genome do not support any aspect of the synergism. 
However, a role for these other potyviral sequences in 
synergism cannot yet be excluded since their level of 
expression in the transgenic plants is much lower than 
that seen in infected plants. 
To determine if the 5'-proximal region of the potyviral 
genome also mediates other PVX/potyviral synergisms, 
we used a similar approach to analyze the PVX/TEV inter- 
action. A previously constructed transgenic tobacco line 
expressing the 5'-proximal region of the TEV genome 
(line U-6B, Carrington et aL, 1990)was infected with PVX 
and the symptoms were compared to those of a vector- 
only transformed line infected with PVX. The TEV 
transgene contains 2670 nucleotides of TEV sequence, 
including the 5'UTR, the entire P1 and HO-Pro genes, 
and approximately one quarter of the P3 gene. Western 
blot analysis indicates that HC-Pro expressed in these 
plants comigrates with that produced in TEV-infected 
plants, suggesting that both P1 and HO-Pro protease 
are properly processed from this abbreviated polyprotein 
(Carrington etaL, 1990; Verchot et al., 1991 ). Furthermore, 
in contrast to the TVMV transgenic lines, the TEV 
transgenic line expresses HC-Pro at a high level, ap- 
proaching that seen in wild4ype TEV infections of to- 
bacco. Presumably P1 protein is present in similar high 
amounts in the transgenic line since it is expressed as 
part of the same polyprotein as HO-Pro. Infection of the 
TEV transgenic line with PVX results in a rapid and dra- 
matic increase in symptoms over those seen in the vec- 
tor-only transformed plant infected with PVX. The first 
systemically infected leaves show initial vein clearing 
at Day 5 postinoculation, rapidly become necrotic, and 
typically die by Day 10 postinoculation (data not shown). 
This result indicates that expression of the 5r-proximal 
region of the TEV genome is sufficient to induce a syner- 
gistic-like response to PVX and suggests that analogous 
regions of the two potyviral genomes mediate this re- 
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FiG. 3. Symptoms displayed by nontransgenic Nicotiana tabacum (cv Burley 21) infected with PVX (rightmost plant) or with both PVX and TVMV 
(leftmost plant) or transgenic line 10 expressing three genes from the 5'-proximal end of the TVMV genome and infected singly with PVX (middle 
plant). 
sponse in both PVX/TVMV and PVX/TEV synergisms. 
Since the TEV transgene contains a smaller region of 
the genome than the TVMV transgene, this experiment 
also suggests that the potyviral sequences required for 
the synergistic response extend only through the first 
quarter of the P3 gene. 
PVX RNA replication is altered in tranegenic plants 
expressing the 5'-proximal regions of either the 
TVMV or the TEV genomes 
To determine if the change in PVX replication typical 
of PVX/potyviral synergism is also induced in TVMV line 
10 and in TEV line U-6B, the levels of PVX (+) and (-)  
strand RNA accumulation in the transgenic plants were 
determined and compared to that measured in control 
plants. Young tobacco plants, Burley 21, vector-only 
transformed Havana 425, or transgenic lines expressing 
either the TVMV or TEV 5' constructs discussed above, 
were mechanically inoculated with PVX, and total nucleic 
acid was isolated from the third leaf above the inoculated 
leaf at 10 days postinoculation. Levels of PVX(+) and (-)  
strand RNA per total unit of nucleic acid were determined 
by Northern blot analysis using strand specific hybridiza- 
tion probes. 
Figure 4A shows a Northern blot comparing levels of 
PVX (+) and (-)  strand RNA in TVMV transgenic plants 
(lanes 2 and 4, respectively) with those in Burley 21 to- 
bacco (lanes 1 and 3, respectively). Densitometric scan- 
ning of slot blots as described under Methods indicates 
that the increase in accumulation of PVX (-)  strand RNA 
in these plants is approximately 10-fold, consistent with 
that observed in PVX/potyvirus synergistic infections (typ- 
ically 9-30X; this paper; Vance, 1991). The level of PVX 
(+) strand RNA in the transgenic lines is also higher 
than in controls, but only about 2.3-fold. A less dramatic 
increase in the level of (+) strand RNA than that of ( - )  
strand RNA has also been noted in the PVX/potyvirus 
synergisms (this paper; Vance, 1991). Strand specificity 
of the hybridization probes was verified using RNA iso- 
lated from virions (plus-strand RNA) and (-)  strand tran- 
scripts from a PVX cDNA clone (data not shown). Figure 
4A also shows a Western blot comparing the level of 
PVX coat protein in the TVMV transgenic plants (lane 6) 
to that found in the Burley 21 (lane 5). As seen for levels 
of PVX (+) strand RNA, the amount of PVX coat protein/ 
total protein is higher in transgenic plants than in control 
plants, but the increase is not as dramatic as that of ( - )  
strand RNA. Again, this response is typical of the PVX/ 
PVY synergism (Vance, 1991), where the levels of PVX 
particles, (+) strand RNA, and coat protein all increase 
to approximately the same extent in any given experi- 
ment, but the level of PVX (-)  strand RNA increases an 
additional 3-fold. 
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PVX (+) RNA PVX (-) RNA 
1 2 3 4 
PVX CP 
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B TEV TRANSGENIC  
PVX (+) RNA PVX (-) RNA 
1 2 3 4 
PVX CP 
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FiG. 4. Northern and Western blot analyses showing levels of accu- 
mulation of PVX (+) and (-) strand RNAs and PVX coat protein in 
leaves of transgenic tobacco plants systemically infected with PVX. 
Panel A shows total plant RNA from TVMV transgenic line 10 (lanes 2 
and 4) or from Burley 21 control plants (lanes 1 and 3) infected with 
PVX were subjected to denaturing agarose gel electrophoresis, blotted 
to paper, and hybridized with strand specific PVXprobes. Lanes 1 and 
2 show the blot hybridized with randomly primed PVX cDNA. The same 
blot, stripped and rehybridized with 32p-5'-end labeled PVX genomic 
RNA, is shown in lanes 3 and 4. The position of genomic length PVX 
RNA is indicated by arrowheads. Total protein isolated from thePVX- 
infected TVMV transgenic line 10 (lane 5) or from control Burley 21
plants (lane 6) was fractionated, electroblotted, probed with polyclonal 
antiserum specific for PVX coat protein, and visualized using secondary 
antiserum conjugated with alkaline phosphatase. The position of PVX 
coat protein is indicated by arrowheads. Panel B shows total plant 
RNA from TEV transgenic line U-6B (lanes 2 and 4) or from vector-only 
transformed Havana 425 control ptants (lanes 1 and 3) infected with 
PVX were subjected to denaturing agarose gel electrophoresis, blotted 
to paper, and hybridized with strand specific PVXprobes. Lanes 1 and 
2 show the blot hybridized with a T7 polymerase-generated single- 
stranded (-) sense RNA probe specific to the 3' proximal 2500 nucleo- 
tide region of the PVX genomic RNA. The same blot, stripped and 
rehybridized with 32p-5'-end labeled PVX genomic RNA, is shown in 
lanes 3 and 4. The position of genomic length PV'X RNA is indicated 
by arrowheads. Total protein isolated from the PVX infected TEV 
transgenic (lane 5) or from vector-only transformed control Havana 
plants (lane 6) was fractionated, electroblotted, probed with polyclonal 
antiserum specific for PVX coat protein, and visualized using secondary 
antiserum conjugated with alkaline phosphatase. The position of PVX 
coat protein is indicated by arrowheads. 
Similar increases in PVX-associated molecules were 
detected when the levels of PVX (+) and ( - )  strand RNAs 
and PVX coat protein in the TEV transgenic line were 
compared to those found in vector-only transformed Ha- 
vana 425 plants (Fig. 4B). Densitometric analysis of slot 
blots from two separate experiments indicates that the 
(+) strand RNA increased approximately 4.5-fold (ranging 
from 3.4- to 5.6-fold), while the ( - )  strand RNA increased 
approximately 15-fold (ranging from 12-to 18-fold) rela- 
tive to the controls. Thus, PVX replication in transgenic 
lines expressing the 5'-proximal sequences of either 
TVMV or TEV is altered compared to replication in control 
plants and the alteration in both cases is similar to that 
observed in PVX/potyvirus synergistic infections, This re- 
sult suggests that the interactions which occur between 
PVX and a number of different potyviral species are 
mechanistically similar and are mediated by analogous 
regions of the potyviral genomes. 
DISCUSSION 
The work presented here has identified a region of 
the potyviral genome which is capable of altering the 
replication of a heterologous viral RNA, the PVX genomic 
RNA. The identified region includes the 5' proximal re- 
gions of both TVMV and TEV genomes, each encoding 
the P-1 and HO-Pro polypeptides and at least part of 
the P-3 polypeptide. These polypeptides are expressed 
initially as a polyprotein and subsequently processed by 
the proteolytic activities of both P-1 and HC-Pro. How- 
ever, the minimal required potyviral sequence and 
whether the sequence is required as an RNA or the en- 
coded polyprotein have not yet been determined. The 
fact that this 5' proximal potyviral sequence alters repli- 
cation of a heterologous virus suggests that it may also 
be involved in regulation of potyviral replication. A recent 
report that certain mutations in the TVMV HO-Pro gene 
result in a change in accumulation of the mutant virus in 
infected plants (Atreya et al., 1992)is consistent with this 
hypothesis. 
Synergistic viral infections in plants have been known 
for a tong time and the mechanisms by which coinfecting 
viruses interact o alter host response have been a matter 
of speculation for almost as long (Ross, 1974). One possi- 
bility is that one virus makes use of the other's replication 
system, using itto replicate a heterologous genome. The 
data reported here eliminate that possibility as the mech- 
anism by which the PVX/potyviral synergisms operate, 
since the 5' proximal region of the potyviral genome 
which mediates synergism does not include the potyviral 
replicase. An alternate theory that the interaction is medi- 
ated by expression of a subset of one viral genome is 
supported by the data presented here. However, the data 
do not address the more detailed mechanism by which 
these potyviral sequences act to mediate the synergistic 
response. For example, the sequence may function as 
an RNA product or as a protein product, and it may act 
directly on PVX replication machinery or it may act indi- 
rectly by association with host factors. 
At the protein level, the amino-terminal regions of the 
TEV and TVMV polyprotein share a number of striking 
features which could play a role in mediation of PVX 
replication during synergism. The P1 proteins of TVMV 
and TEV are approximately 40% similar in amino acid 
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sequence. Both proteins are high in posit ively charged 
amino acids and could function as nucleic acid binding 
proteins. The TVMV P1 gene product has been shown 
to bind nucleic acids and ssRNA preferential ly (Brantley 
and Hunt, 1993). The HO-Pro gene products of TVMV and 
TEV are 65% sirriilar in amino acid sequence• Both con- 
tain a zinc-finger-like motif at the amino-terminus (Robag- 
lia et aL, 1989) which is highly conserved, not only be- 
tween TVMV and TEV, but also among the four potyvi- 
ruses which we have shown to interact synergist ical ly 
with PVX (Vance et aL, 1992b). This region of the protein 
has been speculated to be involved in dimerizat ion of 
H0-Pro (Atreya etaL, 1992) as wel l  as in binding to single 
stranded nucleic acids (Atreya et aL, 1992; Thornbury et 
al., 1985), Thus, both P1 and HO-Pro gene products have 
characteristics which would a l low them to alter PVX repli- 
cation directly by binding to PVX RNA, Alternatively, either 
of the potyviral gene products may act by binding to the 
PVX replication complex via prote in -prote in  interactions, 
Another possibi l i ty is that the potyviral sequence af- 
fects PVX replication in an indirect manner by interacting 
with a host factor and thereby altering the subsequent  
host interaction with PVX. For example,  the potyviral se- 
quence could act on a negative regulator of PVX replica- 
tion. In this scenario, the potyviral sequence would inter- 
fere with the binding or avai labi l i ty of a host factor which 
acts as part of a host defense system that normal ly l imits 
the accumulation of PVX. Alternatively, the potyviral se- 
quence might act to increase the avai labi l i ty of a host 
factor which is a positive regulator of PVX replication, 
for example, a putative host-encoded repl ication factor• 
Although no such host factor has been shown to function 
in PVX RNA replication, the repl ication complexes  of an 
evolutionarily diverse group of (+) stranded RNA viruses 
(including, among others, the bacter iophage Q/& Blumen- 
thai and Carmichael,  1979; the animal virus, poliovirus= 
Dasgupta etaL,  1980; and the plant virus, brome mosaic  
virus= Quadt et al., 1993) are composed of one or more 
host factors in addit ion to the virally encoded proteins. 
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